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CORRELATIONS BETWEEN TESTS OF AGING IN HIROSHIMA SUBJECTS-
AN ATTEMPT TO DEFINE "PHYSIOLOGIC AG"
INTRODUCTION
It seems remarkable that a process so universal as aging should be so
little understood. The chronological age of an organism can be measured
with some precision. Much is known about the changes in particular
physiological variables that accompany increasing age, but not yet known
is how to measure the biologic age of an individual, or even exactly
what is meant by the term. This has not, however, prevented the formula-
tion of hypotheses about the mechanics of biological aging.
Experimentally irradiated animals seem to die earlier than controls
even when specific radiation sequellae such as cancer are excluded. This
nonspecific life-shortening effect of radiation has been seriously questioned
by radiation biologists in recent years, but the controversy remains.
Biologists and gerontologists have furthered the relationship by suggesting
that aging is simply the progressive accumulation of somatic mutations,
a process that should be accelerated by irradiation as induced mutations
are added to naturally occurring ones."
The Atomic Bomb Casualty Commission (ABCC) in Hiroshima and
Nagasaki, Japan, has conducted studies to define appropriate tests for
physiologically monitoring aging.'" The medical survey of atomic bomb
survivors and appropriate nonirradiated comparison subjects entails regular
complete medical evaluation of about 20,000 members of the continuing
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Adult Health Study. Simple tests for aging can be included in the general
examination.
During March 1960, all subjects entering the ABCC clinic for their
periodic examination participated in a series of physiologic tests for aging.
The tests used had been previously evaluated at ABCC and elsewhere
for their variation with age. An attempt was made to select those tests
that were simply performed, correlated well with age, and reflected changes
with age in different organ systems.
The purpose of the study was to provide multiple aging tests on the
same subjects, allowing statistical evaluation of the independence or
TABLE 1. AGE AND SEX COMPOSITION OF THE SAMPLE
Age Total Male Female
10-19 7 3 4
20-29 57 23 34
30-39 135 45 90
40-49 62 19 43
50-59 99 40 59
60-69 56 30 26
70+ 21 9 12
Total 437 169 268
interdependence of the selected tests, and the concept of biologic age, i.e.,
whether certain physiologic tests might be combined so as to yield a
biologically meaningful aging score that could be contrasted with the
actual chronological age of an individual subject. The concept of measur-
ing age biologically rather than chronologically is of enormous general
interest, of importance in industry, and indeed in all areas of human
endeavor, but has received relatively little attention from medical scientists.
The study was not designed to attempt to define differences in biologic age
between irradiated and nonirradiated subjects; many more subjects and
probably sequential examinations would be required.
MATERIALS AND METHODS
The population
The Adult Health Study population in Hiroshima is described in detail elsewhere."8
The sample centered on those who suffered from acute radiation symptoms in 1945;
this population was matched from census data with subjects less heavily irradiated and
two nonirradiated comparison groups. Subjects from each of these groups were
examined in such a manner that all ages, sexes, and radiation groups were approxi-
mately equally represented in a short time-interval.
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During March 1960, a series of 17 potentially useful aging tests was administered
to a sample of 437 subjects. The age and sex composition of the sample is shown in
Table 1; the radiation exposure status is not given since this variable was not studied
extensively in this analysis. The correlations between each of the 17 tests and chrono-
logical age of the subject are shown in Table 2. Nine of the 17 were selected for further
analysis. Tests were dropped in some instances in which information was lacking for
many subjects (heart size, thorax size, total serum albumin), or the test seemed
poorly related to age (one-second expiratory volume, tidal volume), or because,
although the test was intrinsically useful, it was highly correlated with one of the other
TABLE 2. CORRELATION COEFFICIENTS BETWEEN AGE AND EACH OF
SEVENTEEN TESTS AND SELECTION FOR AGING BATTERY
Test Test item Sample size Correlation tith age
1 Hair graying score 442 +.717
2* Skin elasticity 433 +.604
3* Systolic blood pressure 437 +.519
4 Diastolic blood pressure 437 +.409
5 Heart size 380 +.294
6 Thorax size 380 -.124
7* Total vital capacity 429 -.402
8 Tidal volume 428
9 One-second expiratory volume 429 -.126
10* Hand grip strength 437 -.323
11* Light extinction test 435 +.488
12* Vibrometer 437 +.537
13* Visual acuity 433 -.423
14 Audiometry at 200 cycle/sec. 437 +.445
15* Audiometry at 4,000 cycle/sec. 436 +.596
16* Serum cholesterol 426 +.234
17 Total serum albumin 169 -.267
* Selected.
tests and so provided no independent information as to physiologic age (diastolic
blood pressure represented by systolic, and audiometry at 200 cycle/sec. represented
by audiometry at 4,000 cycle/sec.). Ocular accommodation, known to change with
age, was inadequately tested and was replaced in the analysis by simple visual acuity
measurement. One additional test, hair graying score, was eliminated because, although
well correlated with age, the observation was not well quantitated. The common
practice of hair dyeing also decreases the validity of this test.
The aging tests
The nine tests employed in the analysis were all simple measurements performed
satisfactorily in almost all the subjects, the number completed ranging from 426
to 437. The tests used were:
1) Skin elasticity. The method consists of the time required for a standard "pinch"
to flatten.4
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2) Systolic blood pressure.
3) Pulmonary vital capacity, measured with a Collins respirometer.
4) Hand grip strength, measured by a dynamometer.
5) Light extinction time. A battery of lights were connected in random series,
and the subject was to cut the switch as soon as a light appeared. The total time to
extinguish the light was measured. This test represents a complex task involving
manual dexterity and mental reaction time.'
6) Vibratory perception in the ankle, measured by an electric vibrometer, the
instrument set at a standard frequency of 120/second at 20 volts. The voltage intensity
required for perception of vibration was the end-point.
7) Visual acuity, estimated from a standard Snellen chart, the results recorded
as decimal notations.
8) Auditory function, tested in the right ear with an electric audiometer at
4,000 cycle/sec.; decibel intensity was the variable measured.
9) Serum cholesterol.
Nature of the approach
Although it is usual to think of the relation between a particular test result X
and chronologic age t in terms of the result being a function of age:
X = f (t),
it is possible to invert the relationship:
t = g (X),
that is, to express (mean) age as a function of, for example, systolic blood pressure
rather than expressing (mean) systolic pressure as a function of age. It is not implied
here that blood pressure determines age, but that, with the knowledge of blood
pressure, an estimate of age may be made.
If the values of the nine physiologic variables are represented by X1, X2, . . .X9,
then nine different estimates of age will correspond:
tl = gl (XL), ta = g2 (X2), . .. , t = g9 (X9)
It would seem natural, then, to attempt to combine the different estimates into a single
estimate by a linear formula:
T = ao + aiti + a2t2 . .. + aeto
where the coefficients are determined by the method of least squares. In other words,
the combined estimate T is determined as a multiple linear regression function of
the individual estimators t1, .... to.
The question remains how to determine the individual estimating functions gi
through go. It is exceptional for the relation of age to a physiologic variable to be
linear over the whole range of adult ages, so that simple linear regression is inappro-
priate. Since the present study was of exploratory nature conducted on too small
a sample to provide very precise delineation of the nature of the functional relation-
ships involved, a polynomial regression of the third degree was used:
t = bo + b1X + b2X2 + bNX3
because such cubic curves should usually provide reasonable approximations to the
actual functional relationship over the range of values of interest.
The analyses were performed separately for each sex. For each variable, a cubic
curve was fitted by least squares, and the coefficient of the cubic term evaluated for
statistical significance at the five per cent level. If the cubic coefficient was significant,
14
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the cubic equation was adopted as the estimator; if not significant, a second degree
curve was refitted, and the quadratic coefficient similarly tested. In this way, the
final 18 estimates (9 for each sex) are some of the first, some of the second, and
others of the third degree.
RESULTS
Figures 1-9 and Tables 3 and 4 show the values for the nine individual
tests used in the final analyses. Some of the problems involved in statistical
treatment are exemplified.
SKIN ELASTICITY
ML-- -XMLE
-- *FEMALES
ME I YEARS
FIG. 1.
Loss of skin elasticity, for example, began to show age-related changes
only at ages 40 and older, and the sharp changes thereafter were accom-
panied by large deviations among individual subjects. Several other tests,
such as vital capacity and systolic blood pressure, showed changes at similar
ages, but less individual deviation. Serum cholesterol, on the other
hand, rose steadily until old age, but the changes in mean values were
small; however, the standard deviations were quite constant for all age
groups. In five instances the curves for males and females were of different
degrees. Table 5 shows the correlation between age and the polynomial
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estimators, and the intercorrelations of the latter among themselves.
Despite the rather small sample size, the correlation coefficients for the
two sexes were surprisingly close. Each estimator correlated well with
age, although the age estimate based on serum cholesterol was con-
TABLE 5. CORRELATIONS BETWEEN AGE AND POLYNOMIAL ESTIMATES OF AGE, AND
INTERCORRELATIONS OF POLYNOMIAL ESTIMATES
E s t i m a t e
Systolic
blood
pressure
tl t2
1.000 .781 .517
1.000 .416
1.000
Total
vital
capac-
ity
to
.616
.487
.343
1.000
1.000 .780 .598 .620
1.000 .409 .534
1.000 .386
1.000
Hand
grip
strength
Male
t,
.525
.523
.258
.490
1.000
Female
.559
.478
.314
.528
1.000
Light
extinc-
tion
test
t5
.522
.537
.245
.341
.444
1.000
.596
.528
.345
.504
.541
1.000
Vibro-
meter
te
.603
.416
.417
.252
.293
.326
1.000
.608
.451
.404
.359
.322
.372
1.000
Atudi-
ometry
frequency
Visual 4,000 Serum
acuity cycle cholesterol
t7
.466
.356
.283
.368
.322
.320
.326
1.000
.421
.352
.260
.318
.302
.272
.309
1.000
ts
.618
.548
.242
.353
.312
.487
.424
.249
1.000
.631
.535
.405
.429
.378
.518
.427
.299
1.000
t9
.218
.182
.278
.208
.090
.110
.059
.071
.040
1.000
.278
.129
.294
.202
.152
.105
.153
.059
.101
1.000
spicuously poorer than the others. The best estimator,
skin elasticity.
in both sexes, was
The final estimates of "physiologic age" are shown in Table 6, as
functions of age together with the individual estimators. The correlation
between T, the physiologic estimate of age based on all nine observations,
and the actual age, was +.895 in males and +.898 in females. 'the
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standard deviation of ages was 15.3 years in the male sample and 13.6
years in the female, while the root mean square difference between the
estimated "physiologic age" T and actual age was 6.8 years for males and
5.9 years for females.
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TABLE 6. AVEAGE VALUES OF PHYSIOLoGIC AGE BY INDIVIDUAL AGE
ESTIMATORS AND CHRONOLoGIC AGE
Estimator
Age T t1 t2 tX o t t t7 tX t9
Male
10-19 33.0 37.4 41.2 43.4 45.6 39.6 36.5 44.6 36.7 42.8
20-29 33.2 37.4 42.4 37.7 43.2 42.0 39.1 43.2 40.4 44.4
30-39 33.9 37.5 41.5 39.6 40.1 41.3 41.3 42.0 38.8 45.4
4049 41.6 41.0 44.1 45.0 44.6 44.8 43.0 46.1 45.9 44.4
50-59 50.2 47.2 46.1 49.2 48.0 46.5 48.2 47.3 49.0 46.0
60-69 61.0 5&2 53.8 52.0 50.7 51.2 51.0 49.7 53.3 46.6
70+ 73.6 70.9 55.7 53.6 58.4 57.1 60.8 51.9 55.8 46.4
Female
10-19 34.7 36.9 38.7 43.9 41.4 45.5 37.8 39.3 40.3 42.8
20-29 33.1 36.9 40.0 38.6 40.2 38.5 37.6 41.2 37.9 43.1
30-39 35.4 37.3 40.4 402 40.0 40.1 40.9 42.2 40.5 42.9
40 49 41.6 41.0 42.4 43.5 44.6 43.8 43.3 44.4 42.8 44.6
50-59 52.5 50.6 47.2 472 46.7 48.5 47.9 46.6 47.6 46.2
60-69 61.6 58.6 51.9 51.6 51.6 49.6 50.9 47.5 53.2 45.6
70+ 70.9 642 59.4 62.4 54.5 58.4 53.4 48.3 54.9 44.8
20
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Finally, despite the obvious weaknesses of the data, an analysis of
variance was performed on decade-sex specific mean values of physiologic
age in relation to the radiation exposure groups:
ANALYSIS OF VARIANCE OF PHrYsIoLoGIc AGE
Source of Degrees of Mean
variation freedom square F
Chronological age 5 1932.84 531.00 (p <.001)
Sex 1 .80 .22
Radiation exposure 3 7.69 2.11
Age, by sex 5 6.14 1.69
Age, by radiation 15 4.18 1.15
Sex, by radiation 3 12.08 3.32 (p <.05)
Error 15 3.64
Total 47
Beyond the obvious association between physiologic age and actual age,
the only significant finding was the sex by radiation interaction, which
was barely significant at the five per cent level.
DISCUSSION
Since many of the physiologic observations of man vary with age it
would seem possible to devise a procedure which, on the average, could
estimate actual age fairly closely, given the values of a large number of
physiologic measures. Such an estimate could well be termed "physiologic
LIGHT EXTINCTION TEST
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0--*FSmAq*
10 to 30 40 s0
AC IN YEARS
FIG. 5.
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TIME
(SECONM),
60 To
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age" were it possible to demonstrate that this measure was more closely
related to subsequent, age dependent changes than chronologic age itself.
Thus, it might be found that mortality rates over a subsequent period of
time were an even more sharply increasing function of the combined
physiologic measure than of chronologic age itself. Validation of this
kind would seem prerequisite for any physiologically based measure to
be entitled to the name "physiologic age." Plainly, the ABCC studies
are very far from arriving at this stage. The ABCC program provides for
VIBROMEER
50
*F---XMALE5
40* FEMLES
VOLTAGE 30,
20,
10 20 30 40 s0 so 70
AGE IN YEARS
FIG. 6.
periodic examination of a large sample of persons8 and includes determi-
nation of mortality9 and an autopsy rate in excess of 50 per cent for the
members of the Adult Health Study sample.'0 All of the means necessary
to the construction and validation of a measure of physiologic age are,
therefore, at hand. The present effort is but a first step, which is perhaps
as instructive in its failures as in its successes.
It is noteworthy that, below actual age 40, few of the observations
vary much with age. This is also true for death rates for all natural
causes. It is after age 40 that mortality rates begin to increase rapidly,
blood pressure readings increase, and visual and auditory acuity decrease.
In other words, life begins to end at 40. In the data analyzed, average
systolic blood pressure, in males, for example, varies only between
values of 116 and 119 mmHg in the age groups 10-19 through 40-49.
Therefore, given that a man has a systolic pressure of 118, the most that
22
Volume 38, August, 1965Phtysiologic aging I HOLLINGSWORTH, HASHIZUME, JABLON
VISUAL ACUITY
L---XMALES
*- ^FEMALES
e- - -X.. J-
rloX-
30 40
50
ME IN ARS
FIG. 7.
so la
can be said is that he is probably less than 50 years of age. The predictor,
t2, compelled to pick a number since it is a single-valued function, chooses
the number 41, since this is about the average age of all males in the
sample who had systolic blood pressure readings in the range of 115-120.
It is obvious, after the fact, that if the physiologic measures are not
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themselves sensitive to age below 40, it is absolutely futile to attempt
to predict over the whole range of age. The results at ages below 40 are
nonsense, and the results at ages above 40 have been impaired by at-
tempting the impossible (Fig. 10).
Related to the first point is a second, technical point. The method
of least squares performs well if the dispersion in the variable estimated
SERM CHOLESTERO
CHOLESTEROL lea
(mg/IOO cc)
5so0
140
x. -- - -
X- ~ ~ 0- II -X----
ox
'0 Z. . .
x MALS
I FEMALES
AGE IN YEARS
FIG. 9.
varies little with changes in the predictor variable. While this is true for
most of the physiologic variables, considered as functions of age, when
the relationships are inverted to express age as functions of the physiologic
variables, it turns out that the dispersion of age for fixed values of the
physiological variables is very large for some values and relatively small
for others. That is, for average values of the physiologic variable below
age 40, the age variation is enormously greater than at the values asso-
dated with elderly persons. Thus, in the present study the polynomial fits
for the individual predictors were excessively influenced by the data for
younger ages, where the fit was bound to be poor. Similarly, the large
discrepancies between the individual estimates and actual age at actual
24
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age below 40 undoubtedly had inordinate influence in the determination
of the coefficients of the combined index T.
In the light of the problems mentioned above, the combined index
performed remarkably well. Correlation of nearly 0.90 with actual age is
higher than expected, accounting for about 81 per cent of the observed
total variance. It seems clear, however, that to obtain substantial improve-
ment in performance, one of two things must be done: either restrict
attention to persons over 40 years of age, or find physiologic measures
80
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FIG. 10. Correlation of the final "physiologic age" determination with chronological
age.
much more strongly age-dependent below age 40 than are those heretofore
considered.
Further studies at ABCC should include testing of a larger sample to
evaluate differences related to irradiation suggested in the females of this
small sample. With a larger sample, the data can be correlated with the
extent of irradiation by applying either distance from the hypocenter or
radiation dose estimates.' In such analyses it should be noted that certain
tests (vital capacity, hand grip strength, light extinction time) may be
strongly influenced by the motivation and cooperation of the subject, while
the subjective element in other tests is less marked. However, only three
of the tests (skin elasticity, systolic blood pressure, and serum cholesterol)
are truly objective measurements.
Finally, only correlation with mortality can validate the concept that
a test or group of tests indeed has pertinence to physiologic aging. Since
blood pressure levels clearly relate to mortality and, since hypertension may
influence organ function generally, this variable should be scrutinized care-
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fully in any eventual correlation between aging tests and mortality. Never-
theless, the ABCC program of clinical examinations and mortality survey
has the power to study the problem, and it is hoped that the necessary data
can be collected in a systematic manner.
SUMMARY
Nine physiologic functions that change with age were measured in 437
subjects during their regular visits to the Atomic Bomb Casualty Commis-
sion clinic in Hiroshima, Japan. This pilot study was undertaken to deter-
mine the feasibility of collecting such data in a population sample, and to
provide data for statistical formulation of a combined "physiologic age"
score. The study demonstrated that adequate sample data could be obtained,
and that statistical treatment could construct a "physiologic age" for indi-
vidual subjects. However, the tests were of limited value below age 40,
and the validation of the concept of "physiologic age" requires eventual
correlation with mortality. Since the ABCC program includes a highly
accurate mortality survey, it is hoped that data on physiologic aging can be
collected and eventually related to mortality.
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